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Abstract 
Phosphorus (P) is a major limiting nutrient in many surface waters and is often responsible for eutrophication.  The 
distribution and behavior of various forms of P in sediments is of significance to understanding the dynamic cycling 
of P in estuary water areas. This paper studies the distribution and different forms of phosphorus in sediment 
collected from the wastewater discharge outfalls in the waters adjacent to Shanghai, China. The results show that the 
concentrations of STP in the sediment samples ranged from 493 Pg/g to 737 Pg/g, which did not show a significant 
variation. The highest value of STP was presented in site Z3 and it was highly in accordance with the OM contents. 
SIP was the major constituent in all sediments. The concentration of SIP ranged between 32% and 78% of STP, 
while the concentration of SOP in the sediments accounted for 21% to 67% of STP. The major component of SIP in 
all sediments was P-Ca and the rank order of diferrent inorganic forms of P is: P-Ca > P-Obs > P-Fe > P-Ads > P-Al. 
The concentration of SOP in sediments shows highly correlation with particle contents smaller than 0.005mm. 
 
Keywords: sediment, phosphorus, form, grain size, distribution, Yangtze Estuary 
1. Introduction 
The study of distribution and behavior of various forms of phosphorous in sediments is of significance 
to understanding the dynamic cycling of phosphorous in estuary and bay water areas induced by 
wastewater discharge and the phosphate exchange across the sediment-water interface.  
Phosphorus (P) is a major limiting nutrient in many surface waters and is often responsible for 
eutrophication and toxic algal blooms (Kawasaki et al., 2010; Li and Friedrich, 2006). P can rapidly react 
with particle surfaces in natural systems (Borggaard et al., 2004; Fisher et al., 1982; Froelich, 1988; 
Lewis, 1985; Smith and Longmore, 1980). The physico-chemical reactions of P between overlying water 
and sediments in natural systems include adsorption/desorption and precipitation/dissolution reactions. 
These reactions affect the forms of P in sediments and also has a great influence on the distribution of P 
in sediments. 
At present, several wastewater discharge projects had already been constructed in Yangtze Estuary and 
Hangzhou bay in eastern China, such as: “The first stage project of Shanghai Sewage”, “The wastewater 
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discharge project of Xinghuo developing area”, “The second stage project of Shanghai Sewage”, etc. The 
Yangtze Estuary frequently experiences eutrophication problems which are often manifested as red tides 
and fish kills. Phosphate, primarily from treated wastewater outfalls is believed to be the principal driver 
for these phenomena (Li et al., 2004). High sediment loads are transported to the estuary by the Yangtze 
River every year. This causes the aggregation of sediment particles in the Yangtze Estuary and Hangzhou 
Bay, which in turn impact the distribution and different forms of phosphorus in sediments. 
In this paper, the distribution of phosphorous forms in sediments from Zhuyuan outfall in Yangtze 
Estuary was investigated.  
2.  Collection and preservation of sediments 
Surface sediment samplings (0-2cm) were collected at Zhuyuan outfall water areas in Yangtze Estuary 
using a CN-11 sediment sampler (Li et al., 2004). Six sampling sites were selected (Figure 1) and the 
distance between each sampling station is approximately 1 km. All sediment samples were air-dried and 
passed through a 0.15 mm-sieve and then stored in wide-mouthed amber glass jars in a dry, ventilated 
place. 
 
Figure 1. Sketch map of sampling station of Zhuyuan outfall 
3.  Testing methods 
The oxidation-reduction potential (Eh) was determined by a specific electrode which was the incidental 
material of pHS-3C pH meter. The content of organic matter (OM) in the soil was determined by 
potassium bichromate-dilution heat colorimetric method (Bao and Jiang, 1999). The particle size 
distributions of the sediment samples on a weight basis were determined by pipette method. Dried 
sediment (0.25 g) was digested with 2 g NaOH in muffle furnace at 720 ć for 15min. Total phosphorus 
in the sediment (STP) was determined by measuring the concentration of phosphate in the digested 
materials (Murphy and Riley, 1962). 
STP was divided into two fractions: total sediment organic phosphate (SOP) and total sediment 
inorganic phosphate (SIP). A sequential extraction procedure, provided by Chang and Jackson (1957) 
and modified by Zhu and Qin (2003), was used to analyze fractions of inorganic phosphorus in the soil. 
Generally, P-Ads, P-Al and P-Fe are easily desorbed from the soils and released to the adjacent water, 
referred to as the potential bio-available forms of phosphorus in soil (Jin and Tu, 1990). The sequence of 
the chemical extraction and a brief description of the targeted P forms were shown in Table 1. Each 
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extraction was carried out using a 1:50 soil-solution ratio with different shaken time. All soil 
fractionation solutions were centrifuged and the supernatant of each sequential extraction was determined 
by the standard analytic method with UV-7504-type grating spetrophotography at wavelength 700nm. 
Deionized water was used to wash the residue before the next step. The concentration of total sediment 
organic phosphate (SOP) was determined by subtracting the SIP from STP. 
Table 1 Sequential P fractionation procedures and targeted IP forms 
Step Extracting agent Extracting method Targeted P forms 
ĉ 1mol/LNH4Cl Shake for 0.5h. P-Ads 
Ċ 0.5mol/L NH4F, pH=8.2 Shake for 1h. P-Al 
ċ 0.1mol/L NaOH-0.05mol/L Na2CO3 Shake for 2h, left uncapped overnight then shake 
for 2h the following day.  
P-Fe 
Č 0.3mol/L C6H5O7Na3·2H2O Add 1g Na2S2O4, shake and keep in 85ć water 
bath for 30min, than add 10mL 0.5mol/L NaOH 
with mixing round about 20min. 
P-Obs 
č 0.25mol/L H2SO4 Shake for 1h. P-Ca 
P-Ads=exchangeable P fraction, P-Al=aluminum-bound P fraction, P-Fe=iron-bound P fraction, P-
Obs=occluded P fraction, P-Ca=calcium-bound P fraction. 
Water samples were also collected around each effluent outfall, which were analysed for pH, dissolved 
oxygen (DO) concentration, and dissolve inorganic phosphate (DIP) concentration (Table 2). 
Table 2 Water qualities of samples collected at Zhuyuan outfall 
Items Falling tide Rising tide 
pH 
Range 7.95-8.35 8.04-8.22 
Average 8.13 8.17 
DO˄mg/L˅ 
Range 5.26-7.98 6.40-8.56 
Average 6.82 7.54 
DIP˄mg/L˅ 
Range 0.0155-0.0610 0.0044-0.0764 
Average 0.0421 0.0421 
 
4. Results and discussion 
The characterization of all samples is shown in Table 3. Eh values were relatively low and indicated 
that the sediments were in a redox state. The highest value of OM was presented in Z3 (1.10%) and the 
lowest was in Z6 (0.79%). It can be seen that the OM values of different samples did not show a great 
difference.  
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Table 3 Description of different sediment samples collected at Zhuyuan outfall 
Site Eh ˄mV˅ OM˄%˅ STP˄Pg/g˅ 
z1 39 0.94 493.09 
z2 25 0.86 507.37 
z3 58 1.10 737.17 
z4 50 0.82 684.85 
z5 71 1.07 710.3 
z6 31 0.79 635.67 
 
The results of STP of sediment samples are shown in Figures 2. We can find that the STP of 6 
sediment samples ranged from 493 Pg/g to 737 Pg/g, which did not show a significant variation when 
comparing with huge difference of STP in some sediment sampls collected at intertidal zone (Li et al., 
2004). It was mainly because the sediments of Zhuyuan Outfall were sampled from the surface layer of 
the seabed and the sampling condition was comparatively stable. The highest value of STP was emerged 
in site Z3. It was highly in accordance with the OM contents. 
 
 
Figure 2 Concentration of STP in different sediment samples 
 
Concentration of different inorganic P, including P-Ads, P-Al, P-Fe, P-Obs and P-Ca, are shown in 
Figure 3. The percentages of SIP and SOP and different forms of inorganic phosphates are presented in 
Figure 4 and Figure 5 respectively. 
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Figure 3 Concentrations of different forms of phosphorous in sediments from Zhuyuan outfall 
 
Figure 4 Percentage composition of SIP and SOP in sediments 
 
Figure 4 Percentage composition of different forms of inorganic phosphorous in sediments 
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The concentration of SIP was defined as the sum of P-Ads, P-Al, P-Fe, P-Obs and P-Ca as shown in 
Table 1. SIP was the major constituent in all sediments. The concentration of SIP in the sediments of 
Zhuyuan Outfall ranged between 32% and 78% of STP. The concentration of SOP in the sediments was 
lower (account for 21% to 67% of STP) than that of SIP. 
The major component of SIP in all sediments was P-Ca, especially in Z1, amounting to 98% of SIP. P-
Obs was the secondary major component of SIP ranged from 0.9% to 23% and the highest P-Obs value 
was in Z3. Since P-Obs represented the content of phosphorous wrapped by Fe and Al hydrated oxide in 
sediments, the high percentage of P-Obs in Z3 indicated a high content of oxide in sediments of this 
sampleing site (Table 3). The concentrations of P-Fe and P-Ads in sediments were very low, accounting 
for 0.4%-4.5% and 0.2%-0.9% of SIP, respectively. P-Al did not detected in all sediment samples. 
The grain size analysis of sediments was carried out by pipette method, which builds on the settling 
velocity differentiation by sampling at certain depths in the settling cylinder at certain time intervals, 
using the obtained settling velocities to divide the sample into size fractions. From the results shown in 
Table 2, the finer-grained fractions (<0.005 mm) of Zhuyuan sampleing site accounted for 11-44% of 
total sediment particle volume, while all samples had no fractions in size between 0.25-0.074mm. The 
concentration of SOP in Z2 shows a highest value from Figure 4. It was in accorndance with the particle 
contents smaller than 0.005mm. The fine-grained particles have a relatively high surface area and are 
easy to adsorb organic matters, so the SOP concentration increases with the increase of the finer-grained 
particle content. 
 
Table 2 Grain size distributions of sediment samples 
Sample No. Particle size composition (% total volume) 
0.25̚0.074mm 0.074̚0.005mm <0.005mm 
Z1 
Z2 
Z3 
Z4 
Z5 
Z6 
0 
0 
0 
0 
0 
0 
70 
56 
89 
72 
78 
80 
30 
44 
11 
28 
22 
20 
 
4. Conclusions 
The concentrations of STP in the sediment samples ranged from 493 Pg/g to 737 Pg/g, which did not 
show a significant variation. The highest value of STP was presented in site Z3 and it was highly in 
accordance with the OM contents. 
SIP was the major constituent in all sediments. The concentration of SIP ranged between 32% and 78% 
of STP. The concentration of SOP in the sediments accounted for 21% to 67% of STP. 
The major component of SIP in all sediments was P-Ca. The rank order of diferrent inorganic forms of 
P is: P-Ca > P-Obs > P-Fe > P-Ads > P-Al. 
The concentration of SOP in sediments shows highly correlation with particle contents smaller than 
0.005mm. 
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